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Abstract 
Mathematical models for nitrous oxide (N2O) production by ammonia oxidizing 
bacteria (AOB) based on a single pathway have been proposed to support the design 
and operation of wastewater treatment plants (WWTPs). However, the boundary 
conditions for each of these models have not been established to date. This study tests 
the predictive ability of two single-pathway models based on the AOB denitrification 
pathway and the hydroxylamine (NH2OH) oxidation pathway, respectively, to 
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describe the N2O data generated by a N2O model that incorporates both pathways, and 
provides theoretical guidance on how to use these two single-pathway models as well 
as the two-pathway model under various conditions. The model based on the AOB 
denitrification pathway can be used under the condition of a constant dissolved 
oxygen (DO) concentration, applied either at a low DO concentration (< ~0.5 mg 
O2/L) with any non-inhibitory nitrite (NO2-) concentrations or at higher DO (≥ ~0.5 
mg O2/L) with relatively high NO2- (≥ ~1.0 mg N/L) but non-inhibitory 
concentrations. The model based on the NH2OH oxidation pathway can be applied 
under the condition of relatively high DO concentrations (≥ ~1.5 mg O2/L), being 
either constant or time-varying, with any non-inhibitory NO2- concentrations. Under 
other conditions, the two-pathway model should be applied. 
Keywords: Nitrous oxide; Ammonia oxidizing bacteria; Single-pathway models; 
Two-pathway model; Dissolved oxygen; Nitrite 
 
1. Introduction 
The emission of nitrous oxide (N2O) from wastewater treatment plants (WWTPs) is of 
great environmental concern due to its strong global warming potential and ability to 
deplete the stratospheric ozone layer [1,2]. Ammonia oxidizing bacteria (AOB) have 
been recognized to be the main contributor to N2O production during wastewater 
treatment via two main pathways: (i) the reduction of nitrite (NO2-) to N2O via nitric 
oxide (NO), known as AOB denitrification and (ii) N2O as a side product during 
incomplete oxidation of hydroxylamine (NH2OH) to NO2- [3-8]. Increasing evidences 
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show that dissolved oxygen (DO) and NO2- are the two key affecting factors that play 
pivotal roles in regulating N2O production by AOB via different pathways [3,9-13]. 
 
Based on the two known N2O pathways, several mathematical models have been 
proposed in order to evaluate the effect of process configuration and operation on 
N2O emission and develop mitigation strategies, including single-pathway models and 
a model with two pathways. The conceptual structures of three representative N2O 
models are presented in Figure 1. The AOB denitrification model (Figure 1A) is based 
on the AOB denitrification pathway, whilst the NH2OH oxidation model (Figure 1B) 
assumes that N2O production is due to the reduction of NO produced from the 
oxidation of NH2OH [14,15]. The two-pathway model (Figure 1C) incorporates both 
the AOB denitrification and NH2OH oxidation pathways [16].  
 
By conducting side-by-side comparison of the two single-pathway models with 
experimental data reported in literature, Ni et al. [14] demonstrated that none of the 
single-pathway models can reproduce all the N2O data, probably due to the fact that 
the two pathways are affected by operational conditions differently [5,8]. In this sense 
the two-pathway model enhanced our ability to predict N2O production by AOB 
during wastewater treatment under different conditions, which has been demonstrated 
to be applicable to various systems under different DO and NO2- conditions 
[10,11,16,17]. However, the single-pathway models have simpler structures and fewer 
parameters, which bring convenience to model calibration, and could be used 
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preferably under certain conditions. However, such conditions have not been 
established. 
 
The aim of this study is to identify under what conditions the AOB denitrification 
model and the NH2OH oxidation model are able to replace the two-pathway model for 
practical applications, and under what conditions the two-pathway model has to be 
applied. This study provides guidance for selecting suitable N2O models according to 
operational conditions. 
 
2. Materials and methods 
2.1. Mathematical models for N2O production  
The stoichiometric matrices and kinetic expressions for the three mathematical N2O 
models presented in Figure 1 are summarized in Table S1 and S2 in the 
Supplementary Information (SI). The AOB denitrification model (Table S1) 
synthesizes two aerobic processes and two anoxic processes. The aerobic processes 
include ammonia (NH4+) oxidation to NH2OH, mediated by ammonia 
monooxygenase (AMO) and NH2OH oxidation to NO2- with O2 as the terminal 
electron acceptor, mediated by hydroxylamine oxidoreductase (HAO). The anoxic 
processes involve the utilization of NO2- as the terminal electron acceptor to produce 
NO and subsequently N2O by consuming NH2OH as the electron donor, mediated by 
the nitrite reductase (NIR) and the nitric oxide reductase (NOR), respectively. DO is 
assumed to have an inhibitory effect on both NO2- and NO reduction. In the NH2OH 
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oxidation model (Table S1), NH4+ is first oxidized to NH2OH (aerobic process 1) and 
NH2OH is further oxidized to NO (aerobic process 2) and subsequently to NO2- 
(aerobic process 3) with NO as an intermediate. N2O is formed from the biological 
reduction of NO that is produced as an intermediate of NH2OH oxidation (anoxic 
process 4). DO is assumed to have no inhibitory effect on NO reduction [4]. For both 
models, N2O is produced during anoxic processes and the difference between aerobic 
and anoxic maximum reaction rate was considered through the anoxic reduction 
factor (ηAOB). The different assumptions with regard to the effect of DO on NO 
reduction in the two single-pathway models are due to the different enzymes involved 
in the AOB denitrification and NH2OH oxidation pathways [8]. The two-pathway 
model (Table S1) synthesizes all relevant reactions involved in the consumption and 
production of NH3, NH2OH, NO2-, NO, N2O and O2 by AOB and incorporates both 
the AOB denitrification and the NH2OH oxidation pathways. All the oxidation and 
reduction processes are linked through a pool of electron carriers. It should be noted 
that NO2− reduction is described as a one-step process in order to avoid a direct link 
between the two pathways via NO. If NO were modeled as an intermediate for NO2− 
reduction, the NO produced in this process would be available for oxidation to NO2−, 
resulting in an NO and NO2− loop. This assumption reduced the instability and 
complexity of the model. In fact NO accumulation/emission is rarely observed during 
denitrification by AOB or heterotrophs, hence the N2O production would not be 
overestimated based on the assumption that NO2− is reduced to N2O without NO as 
the intermediate. The metabolism for NOB is involved in the three models as 
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described by Hao et al. [18].  
 
2.2. N2O production data generated by the two-pathway model 
DO and NO2- are investigated in detail in this study in order to establish the applicable 
conditions for the two single-pathway models. Simulations of the two-pathway model 
using the previously established parameter values listed in Table S2 were conducted 
under constant NH4+ concentration of 20 mg NH4+-N/L, twelve constant DO levels 
(0.05, 0.1, 0.2, 0.35, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 5.0 mg O2/L), and eight 
constant NO2- concentrations (0.05, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0 and 5.0 mg NO2--N/L), 
which generated ninety-six N2O production rates (N2OR). The AOB biomass in all of 
the three models is assumed to be 500 mg VSS/L, in accordance with our lab-scale 
nitrifying reactors. As a result, the biomass-specific N2OR (mg N2O-N/hr/g VSS) 
were calculated by normalising the simulated N2OR data with the assumed AOB 
biomass concentration (i.e. 500 mg VSS/L). The investigated ranges of DO and NO2- 
cover a broad range of conditions in a typical wastewater treatment system. The 
design with more levels in the lower ranges is due to the fact that the affinity 
constants of oxygen and nitrite for the three models are 0.61 mg O2/L and 0.14 mg 
NO2--N/L, respectively, resulting in a relatively stronger dependency of relevant 
reaction rates on lower-level DO and NO2-. The values of these N2OR at the steady 
state in each case were used to calibrate parameter ηAOB in both single-pathway 
models, as will be further described.  
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Simulations of the two-pathway model with dynamic NH4+, NO2- and NO3- profiles 
using the same set of parameter values in Table S2 were also conducted under four 
different conditions: 1) dynamic DO (1.5 – 3.5 mg O2/L) with nitrite accumulation; 2) 
dynamic DO (0 – 1.5 mg O2/L) with nitrite accumulation; 3) constant DO (2.0 mg 
O2/L) with nitrite accumulation; 4) constant DO (0.2 mg O2/L) without nitrite 
accumulation. These simulation conditions were designed based on the results 
obtained in the above-described steady-state simulation studies, in order to verify the 
conclusions drawn from the steady-state simulations. 
 
The two-pathway model of this work, validated for different systems with varying 
operational conditions, is to date the only model structure available in literature that 
incorporating two different pathways, which has been demonstrated to have better 
predictive ability of N2O production than all the single-pathway models due to the 
fact that the AOB denitrification pathway and the NH2OH oxidation pathway are 
affected by DO and nitrite differently. Consequently, we considered the simulation 
data produced by this two-pathway model, which has previously been shown to be 
consistent with experimental observations, is a solid source of data for the 
investigation of single pathway models. Although several different single-pathway 
model structures have been proposed to date by different research groups, we were 
taking two of them (each for one single-pathway model) as examples in this study to 
introduce a useful methodology for the selection of mathematical models for N2O 
production, which could certainly be applied to other single-pathway model structures. 
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2.3. Calibration of single-pathway models under steady-state and dynamic 
conditions 
The parameters related to the regular ammonia oxidation process, shared by all three 
models, are assumed to be identical. The same values from literature were applied to 
all three models (Table S2), which ensured the simulated ammonia, nitrite and nitrate 
data by these three models were identical and any changes of these literature values, if 
needed, would exert the same impacts on all the models and thus would not affect our 
results regarding the applicable regions (mainly measuring the differences between 
models rather than the particular output of models). Prior to model calibration, we 
performed sensitivity analysis of key parameters involved in N2O production in 
single-pathway models and identified the anoxic reduction factor (ηAOB) being the 
most critical one. We therefore only calibrate the anoxic reduction factor (ηAOB), the 
key parameter determining the N2O production rate in both single-pathway models, 
based on the N2OR data generated by the two-pathway model in each case. It is 
realized that a change of some of the unique parameters of importance in determining 
N2O production in the two-pathway model may lead to variation of the estimated 
values of ηAOB. Therefore, we also performed sensitivity analysis of some key 
parameters in the two-pathway model on the estimated ηAOB value and the results will 
be discussed subsequently. As for the remaining parameters in the three models, they 
are expected to cause negligible errors due to their minor influence on N2O 
production. 
  
 9
 
For the steady-state simulation results, ηAOB can be uniquely determined for each of 
the two single-pathway models for the DO and nitrite concentrations applied in each 
case. The suitability of a single-pathway model is evaluated based on two criteria: 1) 
the value of the calibrated ηAOB should be approximately constant, independent of the 
DO and nitrite levels; 2) the value of ηAOB should be in a feasible range (0 – 1.0) 
under any conditions.  
 
For the dynamic simulation, parameter ηAOB for each single-pathway model was 
estimated by minimizing the sum of squares of the deviation between the simulating 
results of the single-pathway model and the two-pathway model. AQUASIM was 
used to perform the estimation of parameter ηAOB [19]. The objective function to be 
minimized in the parameter estimation is as follows [20]:  
 = ∑ 	, − 



                                                                    (1) 
where yTM,i and y(ηAOB)i are the N2OR values predicted by the two-pathway and 
single-pathway model, respectively, at time ti (i from 1 to n).  
 
Analysis of variance (ANOVA) is used to assess the quality of fit between a single-
pathway model and the two-pathway model. 
 
3. Results  
3.1. N2O production prediction by the two-pathway model 
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The two-pathway model has previously been demonstrated to be able to predict N2O 
production by AOB at different DO and NO2- conditions in different systems 
[10,11,16,17]. Figure 2a shows the simulation results with the two-pathway model 
under different DO and NO2- conditions. At each NO2- concentration, the simulated 
biomass specific N2OR increases rapidly as DO increases from 0.05 to 0.35 mg O2/L, 
and then decreases as DO further increases to 5.0 mg O2/L. The increasing trend of 
N2OR with DO under oxygen limiting conditions has previously been observed 
experimentally in various studies using different culture [11,13,21]. Similarly, the 
inhibitory effect of high DO on N2O production by AOB are supported by Tallec et al. 
[13] and Yang et al. [21]. At each DO concentration, the simulated biomass specific 
N2OR increases as NO2- increases. The positive correlation between N2OR and NO2- 
concentration is also consistent with experimental observations with nitrifying sludge 
[3,13]. Figure 2b & c show the model-predicted contributions of the AOB 
denitrification and NH2OH oxidation pathways to N2O production at different DO and 
NO2- levels. The contribution of AOB denitrification pathway to N2O production 
decreases with the increase of DO, but increases with the increase of NO2- (Figure 2b), 
accompanied by opposite changes in the contribution of NH2OH oxidation pathway to 
N2O production (Figure 2c).  
 
3.2. The performance of the single-pathway models 
The performance of the two single-pathway models for the steady-state simulations 
was evaluated based on the ηAOB variations under various conditions. The estimated 
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values of ηAOB for the AOB denitrification model and the NH2OH oxidation model 
under different conditions are shown in Figure 3.  
 
With regard to the AOB denitrification model, the following observations are made: 
• At each NO2- level, the value of ηAOB in the AOB denitrification model is very 
sensitive to DO concentration and
 
increases almost linearly as DO increases 
from 0.05 to 5 mg O2/L in Figure 3a, suggesting that the AOB denitrification 
model would only be applicable when DO is constant.  
• For a constant DO in the range of 0.5 – 5 mg O2/L, the value of ηAOB of the 
AOB denitrification model drops rapidly as NO2- increases from 0.05 to 1.0 mg 
N/L, indicating that the AOB denitrification model can not reproduce the two-
pathway model outputs with any fixed ηAOB values in this region (constant DO 
in the range 0.5 – 5 mg O2/L, while nitrite varies in the range 0.05 – 1.0 mg 
NO2--N/L) (Figure 3a). However, ηAOB becomes almost independent of nitrite 
concentration as NO2- further increases from 1.0 to 5.0 mg N/L (Figure 3a) and 
the values of ηAOB are within the feasible range (below 1.0). These indicate that 
the AOB denitrification model is able to reproduce the two-pathway model 
outputs under these conditions (constant DO in the range of 0.5 – 5 mg O2/L, 
while nitrite varies in the range 1.0 – 5.0 mg NO2--N/L).  
• For a constant DO below 0.5 mg O2/L, ηAOB is independent of the NO2- 
concentration and stays in the feasible range (close to 0) (Figure 3a). These 
mean that the AOB denitrification model can adequately describe N2O 
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production by AOB in the DO range of 0 – 0.5 mg O2/L, independent of the 
nitrite concentration  (provided that DO remains constant).  
 
With regard to the NH2OH oxidation model, the following observation is made: 
• ηAOB of the NH2OH oxidation model remains almost constant when DO is in 
the range of 1.5 – 5.0 mg O2/L at all NO2- levels (Figure 3b). This means that 
the NH2OH oxidation model can be applied at high DO concentrations (> 1.5 
mg O2/L). The ηAOB values are in the feasible range (close to 0).   
• In comparison, in the DO range of 0.05 - 1.5 mg O2/L, the value of ηAOB of the 
NH2OH oxidation model varies significantly to substantially with DO (Figure 
3b). Further, at each DO level, ηAOB also varied with NO2- particularly in the 
range 0.05 to 0.5 mg N/L. This implies that the NH2OH oxidation model is not 
a suitable model under low DO conditions (<1.5 mg O2/L).  
 
3.3. Verification of the single-pathway models using dynamic simulation 
Four dynamic cases were designed based on the above-identified regions in order to 
verify the observations from steady-state simulations. Model evaluation results under 
the four different dynamic conditions are shown in Figure 4. In all cases, NH4+ 
decreased from 20 to 0 mg N/L and are mostly converted to NO3- via NO2-. In Case 1 
(Figure 4a & b), DO varies between 1.5 – 3.5 mg O2/L and NO2- accumulates to 
around 2.5 mg N/L. The simulated N2O production by the NH2OH oxidation model is 
in good agreement with the simulation results of the two-pathway model (p > 0.05), 
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while the simulated N2OR from the AOB denitrification model fails to match the 
results from the two-pathway model (p < 0.05). In Case 2 (Figure 4c & d), DO varies 
between 0 – 1.5 mg O2/L and NO2- accumulates to approximately 5 mg N/L. Neither 
single-pathway model is able to describe N2OR profile predicted by the two-pathway 
model (p < 0.05). In Case 3 with constant DO of 2.0 mg O2/L and nitrite accumulation 
of 2.5 mg N/L (Figure 4e & f), both of the single-pathway models can describe N2OR 
data produced by the two-pathway model (p > 0.05). In Case 4 with constant DO (0.2 
mg O2/L) and without nitrite accumulation (below 0.5 mg N/L) (Figure 4g & h), the 
AOB denitrification model well describes the N2OR data predicted by the two-
pathway model (p > 0.05), but a large variation between the simulation results of the 
NH2OH oxidation model and the two-pathway model (p < 0.05). In summary, the 
AOB denitrification model could describe the simulation results of N2OR from the 
two-pathway model at constant DO of 2.0 mg O2/L with nitrite accumulation above 2 
mg N/L and at constant DO of 0.2 mg O2/L with low nitrite accumulation (below 0.5 
mg N/L) (Figure 4f & h), whereas it poorly captures the N2O dynamic that is 
stimulated by the change of DO concentration based on the simulations of the two-
pathway model (Figure 4 b & d). However, the NH2OH oxidation model is able to 
generate the same predictions as the two-pathway model at constant or dynamic DO 
above 1.5 mg O2/L (Figure 4b & f), whereas it is unable to predict the N2O trend of 
the two-pathway model when DO varied below 1.5 mg O2/L or NO2- varied below 0.5 
mg N/L with constant DO of 0.2 mg O2/L (Figure 4d & h). These results support the 
findings obtained from the steady-state simulation studies. 
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4. Discussion 
In this study, a previously proposed two-pathway N2O model was used to generate 
N2O production data at different DO and NO2- levels, which were then used to 
calibrate two single-pathway models in order to identify conditions under which a 
single-pathway model can reproduce the two-pathway model outputs. The study was 
aimed to provide guidance for selection of a single-pathway model for practical 
applications, according to operational conditions. The results indicate that neither of 
the two single-pathway models are able to describe the N2O data under all the 
investigated conditions, which is consistent with the studies by Ni et al. [14] and 
Spérandio et al. [22], where single-pathway models were compared with short-term 
and long-term process data. However, this study revealed specific conditions under 
which the two single-pathway models can be used to replace the two-pathway model. 
These conditions are as depicted in Figure 5 and summarized as follows:  
(1) For the AOB denitrification model to be used, it is critical that the DO 
concentration in the system is well controlled at a constant level, which could 
be the case in many wastewater treatment reactors. It can be applied either at 
low DO concentration (< ~ 0.5 mg O2/L) with any investigated NO2- 
concentration (0 – 5.0 mg N/L) or at higher DO (≥ ~ 0.5 mg O2/L) with 
significant NO2- accumulation (≥ ~ 1.0 mg N/L);  
(2) The NH2OH oxidation model can be applied under high DO conditions (≥ ~ 
1.5 mg O2/L), controlled or varying, with any NO2- concentration investigated 
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(0 – 5.0 mg N/L);  
(3) Under other conditions, the two-pathway model should be applied. 
 
One set of parameter values for the two-pathway model was used in this study to 
generate the N2O data for the calibration of the two-single pathway models.  It is 
recognized that the parameter values for the two-pathway model may vary between 
plants and with environmental conditions. To evaluate the impact of several key 
parameters governing N2O production by the two-pathway model (rNO2,red, rNO,red, and 
rO2,red) on the calibrated values of ηAOB for each of the two single-pathway models 
(Figure 3) as well as the proposed applicable zones of these models (Figure 5), we 
performed sensitivity analysis by varying these three parameters by ±50%. In all cases, 
the changes in the calibrated ηAOB value were below 10%. Consequently, the 
applicable regions as depicted in Figure 5 were insensitive to these variations. 
 
In this study, both of the selected DO and NO2- ranges are representative for a 
domestic wastewater treatment. However, the nitrite level could be as high as 500 mg 
N/L when treating anaerobic digester liquor. NO2- concentration of over 50 mg N/L 
would exert an inhibitory effect on N2O production by AOB in a nitritation system 
treating anaerobic sludge digestion liquor [23]. NO2- concentration exceeding 500 mg 
N/L has been reported to completely suppress the AOB denitrification pathway [16]. 
This, along with the relatively low pH in a partial nitritation system, results in 
relatively high free nitrous acid (FNA) concentration. In such cases, the AOB 
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denitrification model would be not suitable for predicting N2O production, while the 
NH2OH oxidation model has been demonstrated to generate better predictions of N2O 
production against experimental data [14]. Other factors such as temperature and C/N 
ratio may also influence N2O production in a WWTP. Since there is no evidence 
showing that temperature would affect the two N2O production pathways differently, 
it is unlikely that the applicable region would change as the temperature varies. The 
temperature dependent kinetics (e.g. exponential expressions in ASM models) could 
though be easily included to capture the overall N2O dynamics caused by variation of 
temperatures. The proposed applicable region of this work in terms of DO and nitrite 
were mainly for the N2O production by AOB, which wouldn’t be affected by dynamic 
C/N due to the fact that the variation of C/N ratio is primarily linked to N2O 
production by heterotrophic denitrifiers. Through integrating heterotrophic 
denitrification processes (e.g., Pan et al., [24]) into N2O models of AOB, the effect of 
C/N ratio on the overall N2O production in WWTP could be predicted in practical 
implication. It should be noted that the N2O emissions from full-scale WWTPs, 
especially those with intermittent aeration systems, are not necessarily identical to the 
biological N2O production due to the physical process of liquid-gas mass transfer in a 
WWTP. For full-scale modeling, the mass transfer process should be taken into 
account, together with the biological processes, to accurately describe both liquid-
phase N2O accumulation and gas-phase N2O emissions. The identified region would 
still be valid as long as the mass transfer coefficient is determined correctly. 
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Our findings are indeed supported by some of the previous modeling studies 
predicting N2O production under different conditions using the single-pathway 
models. Spérandio et al. [22] found that the AOB denitrification model managed to 
predict long-term N2O data from a full-scale sequencing batch reactor (SBR) in the 
aerobic phase with DO controlled around 4.0 mg O2/L and nitrite accumulation up to 
50 mg N/L, while it failed to describe N2O data from other two wastewater treatment 
plants (WWTPs) with dynamic DO between 1.5 and 8.0 mg O2/L and without or with 
minor nitrite accumulation (below 0.5 mg N/L). In comparison, satisfactory 
predictions were achieved by using the NH2OH oxidation model to describe N2O 
emission from these two full-scale WWTPs, whereas this model was unable to predict 
N2O emission from the SBR. Ni et al., [15] successfully used the NH2OH oxidation 
model to describe N2O emission from two full-scale WWTPs with operational 
conditions of high DO (over 1.5 mg O2/L) and low NO2- accumulation (below 1.0 mg 
N/L), while the AOB denitrification model could not predict the N2O emission from 
either of the WWTPs. Ni et al. [14] compared the AOB denitrification model and the 
NH2OH oxidation model based on five individual nitritation batch experiments with 
controlled DO at 0.5, 1.0, 1.5, 2.0, and 2.5 mg O2/L, respectively, with nitrite 
accumulation above 10 mg N/L. The AOB denitrification model was found to be able 
to generate good description of the experimental data, however, the NH2OH oxidation 
model failed to describe the N2O data. 
 
Both the AOB dentirification and NH2OH oxidation pathways contribute to N2O 
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production, with DO and NO2- playing pivotal roles in affecting their relative 
importance (Figure 2 b& c). While a single-pathway model may be able to describe 
the N2O data under certain conditions, this does not necessarily mean that only a 
single-pathway is functional in the system. As demonstrated in this work, under 
certain conditions a single-pathway model can well describe the N2O data from the 
two-pathway model: 
(1) In some cases, for example, at constant DO level of 0.1 mg O2/L and NO2- 
level of 1.0 mg N/L, the contribution of the AOB denitrification pathway 
(approximately 90%) is dominant over the NH2OH oxidation pathway 
(approximately 10%) (Figure 2b & c). For such cases, the N2O data from the 
two-pathway model could thus be easily described by the AOB denitrification 
model by slightly changing ηAOB.  
(2) In some other cases a single-pathway model is still able to describe the N2O 
data generated by the two-pathway model even though the two pathways make 
comparable contributions to N2O production. For example, in the case of 
constant DO at 3.0 mg O2/L with NO2- accumulation at 1.0 mg N/L, the AOB 
denitrification and NH2OH oxidation pathways contribute approximately 70% 
and 30%, respectively, to the N2O production according to the two-pathway 
model (Figure 2b & c). Nevertheless, the overall N2O production could be 
described by either single-pathway model through calibrating of ηAOB (Figure 
3). In such cases, the single-pathway models may incorporate the contribution 
of the N2O pathway that is excluded from the model structure through 
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calibration of ηAOB. As revealed in this study, this is unfortunately not always 
the case (Figure 5). 
 
Mathematical modeling of N2O production provides an opportunity to fully 
understand the environmental effect of WWTPs and to optimize the design and 
operation of biological nitrogen removal processes with N2O production as an 
important consideration. The two-pathway model, incorporating both the AOB 
denitrification and NH2OH oxidation pathways, has the potential to describe all the 
N2O data from WWTPs with different operational conditions, but may require more 
efforts for model calibration. In contrast, the two single-pathway models would be 
useful for prediction of N2O emission from full-scale WWTPs under specific 
conditions (as demonstrated in this work) due to their less structural complexities 
(only one pathway included) with fewer parameters to be calibrated. The information 
of this study provides a theoretical guidance, for the first time, on how to use the AOB 
denitrification model and the NH2OH oxidation model under various DO and NO2- 
conditions in order to simplify the complexity of calibrating mathematical model 
when applying it to real WWTP. The identified applicable region of this work may not 
have a universal suitability for all of the N2O models developed to date. However, the 
methodology used in this study could be extrapolated to the assessment of other 
model structures. More data from full-scale WWTP with varying DO and nitrite 
conditions is required to validate the applicable region. 
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5. Conclusions 
This study tested the predictive ability of two single-pathway models based on the 
AOB denitrification pathway and the NH2OH oxidation pathway, respectively, to 
describe the N2O data generated by a two-pathway model. The main conclusions are: 
• For the AOB denitrification model to be used, it is critical that the DO 
concentration in the system is well controlled at a constant level, which could 
be the case in many wastewater treatment reactors. It can be applied either at 
low DO concentration (<0.5 mg O2/L) with any investigated NO2- 
concentration (0 – 5 mg N/L) or at high DO (≥ 0.5 mg O2/L) with significant 
NO2- accumulation (≥ 1.0 mg N/L).  
• The NH2OH oxidation model can be applied under high DO conditions (≥ 1.5 
mg O2/L), controlled or varying, with any NO2- concentration investigated (0 – 
5.0 mg N/L).  
• Under other conditions, the two-pathway model should be applied. 
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FIGURE LEGENDS 
 
Figure 1. Reaction schemes in the three N2O models evaluated in this study. 
 
Figure 2. Model predicted N2O production and contribution of each of the two N2O 
pathways by the two-pathway model under different DO and NO2- 
concentrations. 
 
Figure 3. Estimation results of ηAOB of two single-pathway models under various DO 
and NO2- concentrations. 
 
Figure 4. Model evaluation results under four different conditions: 1) a & b, p1<0.05, 
p2>0.05; 2) c & d, p1<0.05, p2<0.05; 3) e & f, p1>0.05, p2>0.05; 4) g & h, 
p1>0.05, p2<0.05 (p1 refers to the p-value of ANOVA comparing N2OR 
from the two-pathway model to N2OR from the AOB denitrification model; 
p2 refers to the p-value of ANOVA comparing N2OR from the two-pathway 
model to N2OR from the NH2OH oxidation model). 
 
Figure 5. Summary of applicable regions for the AOB denitrification model, the 
NH2OH oxidation model and the two-pathway model under various DO 
and NO2- concentrations. 
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Figure 1. Reaction schemes in the three N2O models evaluated in this study. 
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Figure 2. Model predicted N2O production and contribution of each of the two N2O 
pathways by the two-pathway model under different DO and NO2- concentrations. 
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Figure 3. Estimation results of ηAOB of two single-pathway models under various DO 
and NO2- concentrations. 
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Figure 4: Model evaluation results under four different conditions: 1) a & b, p1<0.05, 
p2>0.05; 2) c & d, p1<0.05, p2<0.05; 3) e & f, p1>0.05, p2>0.05; 4) g & h, p1>0.05, 
p2<0.05 (p1 refers to the p-value of ANOVA comparing N2OR from the two-pathway 
model to N2OR from the AOB denitrification model; p2 refers to the p-value of 
ANOVA comparing N2OR from the two-pathway model to N2OR from the NH2OH 
oxidation model). 
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Figure 5: Summary of applicable regions for the AOB denitrification model, the 
NH2OH oxidation model and the two-pathway model under various DO and NO2- 
concentrations. 
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Highlights 
 
• This work compared two single-pathway models to a two-pathway model. 
• Constant DO is essential for the application of AOB dentirification model. 
• AOB denitrification model should be used at low DO or at high DO and high nitrite. 
• NH2OH oxidation model should be used under conditions of high DO. 
• Under other conditions, the two-pathway model should be applied. 
 
 
